The outcome of sperm competition (i.e. competition for fertilization between ejaculates from different males) is primarily determined by the relative number and quality of rival sperm. Therefore, the testes are under strong selection to maximize both sperm number and quality, which are likely to result in trade-offs in the process of spermatogenesis (e.g. between the rate of spermatogenesis and sperm length or sperm energetics). Comparative studies have shown positive associations between the level of sperm competition and both relative testis size and the proportion of seminiferous (sperm-producing) tissue within the testes. However, it is unknown how the seminiferous tissue itself or the process of spermatogenesis might evolve in response to sperm competition. Therefore, we quantified the different germ cell types and Sertoli cells (SC) in testes to assess the efficiency of sperm production and its associations with sperm length and mating system across 10 species of New World Blackbirds (Icteridae) that show marked variation in sperm length and sperm competition level. We found that species under strong sperm competition generate more round spermatids (RS)/spermatogonium and have SC that support a greater number of germ cells, both of which are likely to increase the maximum sperm output. However, fewer of the RS appeared to elongate to mature spermatozoa in these species, which might be the result of selection for discarding spermatids with undesirable characteristics as they develop. Our results suggest that, in addition to overall size and gross morphology, testes have also evolved functional adaptations to maximize sperm quantity and quality.
Introduction
Sperm competition (i.e. competition for fertilization between ejaculates from different males ; Parker 1970 ) is a prevalent phenomenon throughout the animal kingdom. The outcome of this competition is largely determined by the relative number and quality of rival sperm (e.g. Martin et al. 1974 , Birkhead et al. 1999 , Gage et al. 2004 , Snook 2005 . Since both sperm number and quality are regulated by spermatogenic processes, an understanding of spermatogenesis provides useful insight into adaptations of, and constraints on, testicular function and sperm production, in relation to sperm competition.
Spermatogenesis consists of the multiplication and proliferation of spermatogonial stem cells, recombination of genetic material during meiotic divisions of spermatocytes and differentiation and maturation of spermatids into testicular sperm (Sharpe 1994 , Aire 2007 . In amniotes, the spermatogonia (SG) are located along the outer edge of the long and convoluted seminiferous tubules, the elongating and elongated spermatids (ES) are found around the central lumen, into which the mature spermatozoa are ultimately released, and the different types of spermatocytes and spermatids are arranged sequentially along the periphery-lumen axis (Courot et al. 1970 , Sharpe 1994 , Aire 2007 .
Across mammalian species, the number of defined germ cell associations (referred to here as spermatogenic stages) and the duration of spermatogenesis for a given germ cell line vary considerably (Russell et al. 1990 , França & Russell 1998 , Wistuba et al. 2007 ). Xenogenic transplantation experiments have shown that the duration of spermatogenesis is conserved and controlled by the germ cell genotype (França et al. 1998 , Zeng et al. 2006 , even though the maturation of the testis can be accelerated when grafted into faster-developing testes (Honaramooz et al. 2004) . The time it takes to produce a single spermatozoon under normal conditions ranges from 30 to 78 days across species (e.g. Hess & de Franca 2008) . In contrast, spermatogenesis in birds appears to be several times faster, with a duration of 11-14 days reported across the few non-passerine birds studied so far (Noirault et al. 2006) . Moreover, non-passerine birds appear to produce up to four times the number of spermatozoa/gram of testis compared with mammals (Jones & Lin 1993 ). These differences may result from a faster passage through, and poorer survival in, the male post-testicular ducts by avian spermatozoa compared with mammalian spermatozoa (Jones & Lin 1993) .
In mammals, organization of the germinal epithelium takes several forms depending on the species under examination. Rodents, tupaias (tree shrews), prosimians and most Old World monkeys exhibit single-staged seminiferous epithelium in which all germ cells within a given tubular cross-section are arranged in the same stage of the spermatogenic cycle. In contrast, New World monkeys and Great Apes have a multi-stage organization of spermatogenesis, with multiple stages found in each tubular cross-section (Wistuba et al. 2003 , Luetjens et al. 2005 . These different types of organizations are likely to be the result of different degrees of developmental synchronization coupled with the size of the germ cell clones deriving from spermatogonial stem cells (Luetjens et al. 2005 , Ehmcke et al. 2006 .
Compared with mammals, much less is known about the organization of the seminiferous epithelium in birds, with our knowledge based on four domestic species of non-passerine birds, the guinea fowl (Numida meleagris), domestic fowl (Gallus domesticus), Japanese quail (Corturnix japonica) and mallard (Anas platyrhynchos). Although the multi-stage organization seen in mammals has been documented in these species (Clermont 1958 , Yamamoto et al. 1967 , Aire et al. 1980 , de Reviers 1988 , Lin et al. 1990 , the organization for passerine birds is currently unknown. Passerines differ markedly from non-passerine species in the morphology of their sperm and by the presence of specialized, extragonadal ducts for sperm storage (Wolfson 1954 , Jamieson 2007 , both of which are likely to affect the sperm production strategy. Consequently, differences may also exist in the epithelial organization.
In addition to differences in overall topography and duration of spermatogenesis, there is also speciesspecific variation in the relative frequency of germ cells due to different conversion rates between cell stages and different levels of natural cell loss (e.g. Wistuba et al. 2003 , Luetjens et al. 2005 , Hess & de Franca 2008 . The relative abundance of germ cell types provides a range of indices of spermatogenesis, and comparisons between species may permit inference of functional differences in the seminiferous epithelium relative to the level of sperm competition or the length of sperm produced. For example, the theoretical baseline for meiosis is the production of four haploid round spermatids (RS) from one diploid primary spermatocyte (Luetjens et al. 2005) , which itself derives from a spermatogonium through a series of mitotic cell divisions (Hess & de Franca 2008) . Moreover, the expected conversion rate of RS to ES (i.e. spermiogenesis) is theoretically 1.0 because this spermatogenic step involves solely morphological differentiation and no further cell divisions (e.g. Luetjens et al. 2005) . Differences in the deviation from these theoretical rates among species indicate interspecific variation in the efficiency of spermatogonial mitosis, overall rate of spermatogenesis or the magnitude of germ cell loss that normally occurs during spermatogenesis (Berndtson 1977 , Wistuba et al. 2003 , Segatelli et al. 2004 , which might be associated with differences in the sperm production strategy between species.
Apart from germ cells, the seminiferous epithelium also contains Sertoli cells (SC) that provide structural and nutritional support to the developing germ cells (e.g. Fawcett 1975 , Griswold 1993 . In birds and mammals, SC do not proliferate in adult testes under normal conditions (e.g. Clermont & Perey 1957 , Nagy 1972 , Bozkurt et al. 2007 , although their numbers can vary seasonally or can be induced to vary (e.g. Johnson et al. 1991 , Meachem et al. 2005 . Overall, however, the number of SC/unit of seminiferous tissue of breeding individuals is species-specific and provides a reference for normalizing germ cell numbers in comparisons among cell numbers and different testis sizes (Gondos & Berndtson 1993 , Luetjens et al. 2005 , Hess & de Franca 2008 . The support capacity (or workload) of SC is expressed as the total number of germ cells/SC (e.g. Wistuba et al. 2003) , and their efficiency is estimated by the number of RS associated with each SC at any time (e.g. Segatelli et al. 2004) . Both parameters restrict the amount of sperm produced/unit of seminiferous tissue to a species-specific limit and can be used to compare the maximum likely sperm production capacity across species (e.g. Russell & Peterson 1984 , Luetjens et al. 2005 .
The sperm production capacity of testes is particularly important in the context of sperm competition theory as fertilization success is mainly determined by the relative number and quality of sperm between the ejaculates of the rival males (e.g. Martin et al. 1974 , Birkhead et al. 1999 , Gage et al. 2004 , Snook 2005 . Under high levels of sperm competition, males are predicted to produce large quantities of high-quality sperm, but various morphological and physiological constraints may limit male investment in sperm production or trade off sperm quantity against quality.
One trait that has been shown to trade off against sperm number is sperm length (e.g. Pitnick 1996 , Oppliger et al. 1998 , Lü pold et al. 2009c , Parker et al. 2010 , Immler et al. 2011 but see Snook 2005) . Several comparative studies across the animal kingdom indicate that sperm competition often favors longer sperm (e.g. Gage 1994 , Balshine et al. 2001 , Byrne et al. 2003 , Lü pold et al. 2009b , although overall there have been mixed results regarding the association between sperm length and sperm competition (Snook 2005 , Immler et al. 2011 . Longer sperm can be advantageous if they are able to swim faster than shorter sperm (e.g. Fitzpatrick et al. 2009 , Lü pold et al. 2009a , to better displace rival sperm or avoid being displaced from female sperm-storage organs (LaMunyon & Ward 1998 , Pattarini et al. 2006 , or if sperm length coevolves with these female storage organs (e.g. Briskie & Montgomerie 1992 , Miller & Pitnick 2002 .
Regardless of the selection mechanism, longer sperm may require both a larger testis and more time to be produced (e.g. Pitnick 1996 , Ramm & Stockley 2010 . However, for a given testis size, spatial constraints within the testes are likely to result in a trade-off between sperm length (and potentially quality) and sperm number (Pitnick 1996 , Lü pold et al. 2009c .
Across passerine birds, a recent study found that species under strong sperm competition exhibit a higher proportion of seminiferous tissue in their testes relative to species with weak sperm competition (Lü pold et al. 2009c) . These results suggest that species under strong sperm competition, which typically transfer more and larger ejaculates, have evolved testes capable of producing more sperm than expected from their size alone, probably due to spatial constraints within the body cavity. However, that study focused on the relative quantity of the seminiferous tissue (Lüpold et al. 2009c) , and it remains unknown whether the seminiferous epithelium itself varies between species, either in its organization or in relative numbers of different germ cell types.
In the current study, we examined the variation in the relative frequency of germ cell types and SC in New World Blackbirds (Icteridae) to assess the evolutionary significance of interspecific variation in spermatogenic parameters. Species in this group vary considerably in their mating system and thus in the level of sperm competition (Jaramillo & Burke 1999) , in the size and gross morphology of their testes (Lü pold et al. 2009c) , as well as in sperm length and function (Lüpold et al. 2009a (Lüpold et al. , 2009b . Species with relatively large testes exhibit a disproportionate amount of seminiferous tissue, suggesting that they might produce more sperm than predicted by testis size alone (Lü pold et al. 2009c ), but they also produce longer sperm (Lü pold et al. 2009b) , which might decrease the rate of spermatogenesis and reduce daily sperm output. We examined the organization and cellular composition of the seminiferous epithelium and tested the hypothesis that interspecific variation in spermatogenic parameters and SC function was related to the level of sperm competition or sperm length across species. Specifically, we predicted that species under the most intense sperm competition would produce sperm more efficiently as reflected by both higher spermatogenic indices and an increased SC support capacity.
Results

Composition of seminiferous epithelium
All 10 species analyzed showed largely a consistent single-stage arrangement of the seminiferous epithelium (see Fig. 1 ). Thus, we did not further investigate or quantify the epithelial organization.
The intraspecific mean numbers of germ cells/gram testicular tissue ranged between 375 and 607!10 6 but did not differ significantly among the 10 study species (NZ32 males; F 9,22 Z1.58, PZ0.18; Table 1; Fig. 2 ). However, 39% of the total variation was explained by interspecific variation, and we cannot reject the possibility that biologically meaningful differences remained undetected due to the relatively low statistical power of our analyses. The absolute numbers of the distinct cell types/gram of testis differed significantly between species for SG (F 9,22 Z2.99, PZ0.02) and However, despite statistically non-significant results in most of these analyses, 39-63% of the total variation was attributable to interspecific differences in each case. A restriction to the seven species with at least three males, and thus more robust cell number estimates, yielded similar results. ES formed the highest proportion of the total number of germ cells (GC; 54.6-66.7%), followed by the RS (19.5-32.9%) and the two types of spermatocytes (PZC: 4.2-6.2%; PC: 2.7-5.2%). The SG constituted the remaining 3.1-5.7% of all germ cells.
When expressing the number of germ cells/SC rather than per unit of testicular tissue, we found statistically significant differences among species for PC (F 9,22 Z 3.14, PZ0.01), RS (F 9,22 Z7.27, P!0.001) and GC (F 9,22 Z3.27, PZ0.01), with 56-75% explained by species. In contrast, no significant differences were detected for the other germ cells (SG: F 9,22 Z1.56, PZ0.19; PZC: F 9,22 Z0.52, PZ0.85; ES: F 9,22 Z1.01, PZ0.46), although for SG, the interspecific variation explained 39% of total variation. Again, restricting the analyses to the seven species with at least three males yielded qualitatively the same results.
Associations of spermatogenic indices with relative testis size and sperm length
All the following results are based on mean cell numbers for each species. From the absolute number of germ cells, we calculated five different spermatogenic indices ( Table 2 ) that describe the efficiency of spermatogenic processes and SC function (e.g. Wistuba et al. 2003 , Segatelli et al. 2004 , and tested whether these indices were associated either with relative testis mass (i.e. combined testis mass controlled for body mass, both logtransformed) or with sperm length (also log-transformed).
The proportion of germ cells that have entered the final spermatogenic stage of spermatid elongation (ES/GC; an index of spermatogenic efficiency) decreased with both relative testis mass and sperm length (Table 3) . By contrast, the number of RS relative to PC (RS/PC; an index of the efficiency of meiosis or the rate of germ cell loss during meiosis) was not significantly correlated with both relative testis mass and sperm length (Table 3) , but the effect size and distribution for relative testis mass suggests that a significant, positive association might be detected with greater statistical power. The number of RS/spermatogonium (RS/SG), however, which provides an index of the overall rate of spermatogenic cell divisions (mitotic and meiotic), increased significantly with relative testis mass and sperm length (Table 3 and Fig. 3 ). Finally, we found positive associations for the SC support capacity, measured by the number of either RS or all germ cells associated with each SC (i.e. RS/SC and GC/SC, respectively; Table 3 and Fig. 4 ).
To address the potential circularity caused by using relative testis mass in a study on associations between sperm competition and testicular traits, we repeated the above analyses using social mating system as an independent index of sperm competition. Although not all results were statistically significant, the magnitude and distribution of the effect sizes suggest that polygamous or promiscuous species tended to exhibit a lower ES/GC proportion (Cohen's d (95% confidence interval (CI))ZK0.99 (K2.33 to 0.40), tZK1.56, PZ0.16), but higher RS/PC (dZ1.04 (K0.37 to 2.38), tZ1.61, PZ0.15) and RS/SG proportions (dZ1.95 (0.30 to 3.53), tZ3.03, PZ0.02), respectively, than species that are monogamous or largely monogamous. Similarly, polygamous species also showed an increased SC support capacity than (largely) monogamous species (RS/SC: dZ1.55 (0.01 to 3.00), tZ2.40, PZ0.04; GC/SC: dZ1.20 (K0.24 to 2.58), tZ1.86, PZ0.10). All these analyses were not significantly associated with phylogeny (l!0.0001 1.00, !0.03 ). Finally, we examined whether the conversion ratios from one germ cell stage to the next (expressed as the ratio of daughter cells:parent cells) covaried with relative testis mass, indicating the potential effects of sperm competition on the conversion efficiency or germ cell loss at different stages of spermatogenesis. All of these associations were not significantly influenced by phylogeny (all l!0.0001
1.00, !0.01-0.66 ). The number of PLZ derived from SG (SG:PLZ) was not significantly correlated with relative testis mass (testis mass partial rZK0.08 (K0.66 to K0.59), tZK0.20, PZ0.84). The PC:PLZ ratio was not significantly correlated with relative testis mass but the association exhibited a relatively large effect size, such that we currently cannot reject the possibility of a real, but statistically undetected, positive association (partial rZ0.48 (K0.31 to 0.81), tZ1.34, PZ0.22), and the same applied to RS:PC (see Table 3 ). Finally, we found a negative relationship between the ES:RS ratio and relative testis mass (partial rZK0.88 (K0.95 to K0.49), tZK4.66, PZ0.002; Fig. 5 ). Since the ES:RS ratio relates directly to sperm elongation, we also tested its relationship with sperm length, which was also significantly negative (rZK0.73 (K0.89 to K0.11), tZK2.79, PZ0.02).
Discussion
Across 10 species of Icteridae that vary markedly in their social mating system, our study revealed that variation in the composition of the seminiferous epithelium was associated with differences in sperm competition and sperm length. Most notably, our work found that each spermatogonium generates more RS in species under intense sperm competition relative to species with weaker levels of sperm competition, but relatively fewer of these spermatids elongate and mature. Additionally, the number of germ cells supported by each SC was positively associated with the level of sperm competition. Taken together, these results indicate that intense sperm competition not only selects for more and denser sperm-producing tissue in the testes but also affects various aspects of spermatogenesis itself, and that the links and trade-offs between sperm length, sperm number and sperm competition are more complex than generally assumed.
Seminiferous epithelium organization and cell numbers
The species examined in our study consistently exhibited a single-stage arrangement of the seminiferous epithelium, which contrasts with the reported multi-stage organization in the four species of non-passerine birds studied to date (Clermont 1958 , Yamamoto et al. 1967 , Aire et al. 1980 , de Reviers 1988 , Lin et al. 1990 ). We do not know if this is a general difference between passerine and non-passerine birds and, if so, whether it is associated with the evolution of the considerable differences in sperm phenotypes and general features of the male reproductive tract (e.g. seminal glomera as a sperm-storage organ in passerines) that are found between these two groups. It also remains unclear how the different types of organizations are related to the efficiency of sperm production. In mammals, it is assumed that the spermatogenic efficiency decreases with the asynchrony of the epithelial organization, partly because the heterogeneity resulting from mixed seminiferous tubule stages may reduce the efficiency of the SC compared with synchronized germ cell development and SC activity (e.g. Sharpe 1994 , Wistuba et al. 2003 . However, Wistuba et al. (2003) found no significant difference in the spermatogenic efficiency across a range of primates that vary in their epithelial arrangement, suggesting that the spermatogenic efficiency is not tightly linked to the topology of the seminiferous tissue. Unlike the epithelial organization, we found some differences between species in the density of SC or germ cells. Additionally, the species we examined also tended to deviate somewhat in their cell densities from other vertebrates. For example, the number of SC (6-12
!10
6 cells/g testis) in this study was lower than in most mammalian taxa Russell et al. 1990) . If both the SC function and the spermatogenic efficiency are indeed higher in birds than in mammals, these differences provide a physiological explanation for Jones & Lin's (1993) observation that the daily sperm production rate tends to be higher in birds than in mammals.
Spermatogenesis and its associations with sperm competition and sperm length
Among the species of Icteridae examined, the degree of sperm competition was associated with several spermatogenic parameters. For example, the proportion of germ Table 3 Associations of the five indices of spermatogenic and Sertoli cell function with (A) relative testis mass (i.e. combined testis mass corrected for body mass) and (B) sperm length across the 10 study species. All analyses were controlled for phylogeny, but none of the relationships were significantly associated with phylogeny (all l!0.001
). In the analyses including relative testis mass, the statistics of body mass (all partial rZ0.15-0.70, all PZ0.05-0.88) are omitted in the table for simplicity, and only the partial correlation statistics for combined testis mass are presented.
Variables
Effect size r (95% CI) t P 
Residual testis mass
Residual round spermatids/spermatogonium Figure 3 Partial residual plot of the interspecific association between the number of round spermatids/spermatogonium (overall rate of spermatogenesis) and testis mass (both controlled for body mass and phylogeny) across the 10 study species (partial rZ0.69, PZ0.05).
cells in the phase of spermatid elongation decreased with sperm competition. This result contrasts with a study of primates, where the proportion of ES was found to be independent of mating system (Wistuba et al. 2003) . Furthermore, this result seems counter-intuitive as one would expect promiscuous species to have evolved more efficient sperm production (i.e. generating relatively more ES per given number of germ cells) than socially monogamous species, because of the increased sperm demands needed by intense sperm competition. However, the proportion of ES alone may not reflect a complete picture of the efficiency of sperm production; separating the spermatogenic process into cell division and spermatid elongation stages suggests more complex links between sperm competition and spermatogenic parameters. Focusing on the cell division stage, we found polygamous Icterid species to generate relatively more RS from each spermatogonium than (largely) monogamous species. Thus, the generation of haploid cells through mitotic and meiotic cell divisions appears to become more efficient as the level of sperm competition increases, which is likely to be due to a lower apoptotic rate. Apoptosis is a natural process that eliminates germ cells with defects or DNA mutations during meiosis, and also by cell-density regulation during the spermatogonial phase to limit the germ cells to the number that can be supported by the available SC (e.g. Roosen-Rungen 1973 , França & Russell 1998 , Weinbauer et al. 2001 .
Research that examines whether the number of apoptotic cells is indeed negatively associated with sperm across species with varying levels of competition would be especially helpful in understanding the role played by apoptosis in reducing sperm number.
Although Icterid species under high levels of sperm competition produced greater numbers of RS, they exhibited a lower conversion rate from round to ES. This pattern could be the result of two mechanisms that may work alone or together. First, species under strong sperm competition produce longer sperm (Lüpold et al. 2009b) , which might increase the energetic investment in any single sperm cell and the duration of spermatid elongation and maturation (e.g. Pitnick 1996 , Ramm & Stockley 2010 . In fact, the relationship between ES/RS and sperm length was negative but how this relates to the rate of spermiation or potential energetic constraints currently remains unknown. For measurements of the duration of specific spermatogenic stages, germ cells have to be labeled with compounds such as 3 H-thymidine or 5-bromodeoxyuridine and subsequently traced through the spermatogenic cycle (e.g. Amann & Lambiase 1969 , Rosiepen et al. 1994 . In addition, detailed information and precise histological definitions of different spermatogenic stages for each species are necessary to estimate the frequency of stages across a series of tubular cross-sections, and such information is currently lacking for passerine birds. Consequently, although the description and quantification of spermatogenic stages can be done, measurements of their duration are logistically challenging with wild birds as in our study. However, established captive populations of different passerine birds could help resolve the links between spermatogenic processes and sperm length, and a study of taxa that differ in the interspecific relationship between sperm length and sperm competition (e.g. Sylviidae versus Fringillidae; ) might be particularly helpful in this regard.
Secondly, species under intense selection may have a higher apoptotic rate during the post-meiotic stages of spermatogenesis. The decline in the ES:RS ratio with increasing relative testis mass suggests that relatively fewer spermatids undergo elongation as sperm competition increases. It seems plausible that species under strong sperm competition may have a more effective mechanism to filter out spermatids with undesirable characteristics as they elongate, such that relatively more cells at earlier spermatogenic stages are needed to produce a given number of high-quality sperm, thereby reducing the proportion of ES among all germ cells. To date, studies comparing the abundance of apoptotic (Briskie et al. 1997) , but also that the variation in sperm morphology decreases with the level of post-copulatory sexual selection both between and within males (Calhim et al. 2007 , Immler et al. 2008 , Lü pold et al. 2009b ; but see Kleven et al. 2008) . Thus, quality control during spermatogenesis might play a more important role in species under strong sperm competition than in others, but empirical data are needed to test this idea. It remains unclear why we found an average of 1.7-3.3 ES/RS, even though RS are not known to go through further cell divisions. We cannot draw any firm conclusions because detailed information on the timing and processes of spermatogenesis are lacking for passerine birds, but we suggest that spermatid elongation may take substantially longer than the stage of RS, such that relatively more elongating spermatids are found in the testis. This would be consistent with reports on the spermatogenic cycle of the domestic fowl (G. domesticus), where spermatid elongation appears to take approximately half of the entire duration of spermatogenesis (de Reviers 1988) . Detailed studies on the kinetics of the spermatogenic cycle in passerine birds might shed light on this.
Although species under high levels of sperm competition exhibit a smaller number of ES relative to the earlier germ cell stages, which appears to reflect lessefficient sperm production, their testes are relatively larger and contain a disproportionate amount of seminiferous tissue (Lü pold et al. 2009c) . These testes should thus nonetheless be able to generate more total sperm than species of comparable size but with relatively smaller testes. In addition, sperm production also depends strongly on the number and support capacity of the SC (França & Russell 1998 , Hess & de Franca 2008 . Across the Icteridae, species with relatively large testes and producing long sperm exhibited relatively more SC (due to proportionate increase with testis size), each of which also supported a greater number of RS or germ cells in general. Therefore, it seems likely that the daily sperm production rate is facilitated by the increased SC abundance and support capacity to a higher level than expected from testis size alone.
Conclusions
Our data add further empirical evidence to the idea that increasing testis size is only one of several adaptations that maximize sperm production under high degrees of sperm competition. Our previous study documented positive covariation between the level of sperm competition and the density of the sperm-producing tissue (Lü pold et al. 2009c) , and the data in the present study indicate that such covariation also exists for the SC support capacity that sets the upper limit to sperm production. Although we have not measured the kinetics of spermatogenesis, we have found variation in the ratios between different germ cells that were associated with both sperm competition and sperm length. Based on our findings, we hypothesize that species under intense sperm competition produce more round but relatively fewer ES than other species, due to the production of longer sperm or stronger selection against poor sperm to minimize the number of low-quality sperm in each ejaculate. However, the same species have more efficient SC, which can support a larger number of germ cells simultaneously and thereby probably increase the daily sperm production rate. Overall, with the strong selection for producing large quantities of high-quality sperm, testes have evolved various adaptations at different levels, from overall size to the amount of seminiferous tissue and its function.
Materials and Methods
Sample collection and histological preparation
We opportunistically collected 32 males from 10 different species during the peak of their respective breeding season in North America and South America. Immediately after collection, testes were fixed in Bouin's fixative (Ricca Chemical Company, Arlington, TX, USA) for 24 h before being preserved in 70% alcohol until preparation. For each male, we measured the length, width and height of both testes to the nearest 0.1 mm using calipers and weighed them to the nearest 0.001 g using a Mettler AT261 digital balance (Mettler, Greifensee, Switzerland). The histological preparation involved dehydrating the specimens with a series of ethanol baths with increasing concentration (70, 90 and 100% respectively), embedding them in paraffin, sectioning the tissue blocks (20 mm thick) and staining the mounted sections with periodic acid and hematoxylin (Weinbauer et al. 2001) .
Using the optical dissector method (e.g. Zhengwei et al. 1997 , Wistuba et al. 2003 , we calculated the number of germ and SC/testis, by selecting 32 microscopic fields (141 !141 mm) per animal for cell counts using a systematic, uniform, haphazard sampling scheme (Gundersen & Jensen 1987) . In brief, we brought the upper surface of the section into focus, ignored tissue in the first 3 mm to avoid interference from surface imperfections and examined tissue in the next 15 mm by counting the cells when the nuclei came sharply into focus according to the dissector principle (Sterio 1984) , with a vertical distance of 5 mm between levels. To avoid repeated counts of ES that were oriented vertically under the microscope (due to head lengths of up to over 15 mm; Lü pold et al. 2009b), we counted the heads of any given vertical spermatid bundle in only one of the four levels. We calculated the numerical density of each cell type by dividing the number of enumerated cells (across all frames) by the volume of all dissectors (Weinbauer et al. 2001) . We counted separately the following cells: SG, PZC, PC, RS and elongating/ES, and determined the total number of germ cells (GC). In addition to germ cells, we also counted the nuclei of SC.
Following Wistuba et al. (2003) and Segatelli et al. (2004) , we obtained the following five indices that describe the efficiency of spermatogenic processes and SC function: i) ES/GC (spermatogenic efficiency); ii) RS/PC (rate of germ cell loss during meiosis, meiotic index); iii) RS/SG (overall rate of spermatogenesis); iv) RS/SC (SC efficiency); and v) GC/SC (SC workload).
Sperm length and sperm competition
From each male, we also determined mean sperm length to the nearest 0.5 mm from measurements of 5-10 haphazardly selected, morphologically undamaged sperm, using computerassisted image analysis at magnifications of !250 or !400 (depending on sperm length). The species of this study spanned the entire range of sperm lengths reported previously for 38 different species of Icteridae, i.e. 61-145 mm (Lü pold et al. 2009b) .
As an index of sperm competition, we used relative testis mass by including log(body mass) as a covariate in our analyses with log(combined testis mass) as the explanatory variable. However, we are aware that using relative testis mass as an index of sperm competition in a study focusing on the effects of sperm competition on testicular traits can be problematic due to potential circularity in reasoning. Therefore, we obtained information on the social mating systems from the literature (Webster 1992 , Jaramillo & Burke 1999 and classified the species into two categories: (M) monogamous or largely monogamous and (P) polygamous or promiscuous (see Lü pold et al. 2009c) . Although the social mating system is a fairly crude measure of sperm competition (e.g. extra-pair paternity is not considered), it provides independent estimates of sperm competition risk compared with relative testis mass.
Statistical analyses
We conducted statistical analyses using the statistical package R v.2.11.1 (R Foundation for Statistical Computing 2010) and transformed non-normal data distributions appropriately to meet the parametric requirements of the statistical models (see below).
To control for phylogenetic effects, we used a subset of a phylogenetic tree that was constructed based on cytochrome-b and NADH dehydrogenase subunit 2 sequences (for details see Lü pold et al. 2009b) . We then accounted for statistical nonindependence of data points by shared ancestry of species (Felsenstein 1985 , Harvey & Pagel 1991 ) using a generalized least-squares (GLS) approach in a phylogenetic framework (Pagel 1999 , Freckleton et al. 2002 . This approach allows the estimation of the phylogenetic scaling parameter l, with values of l close to 0 corresponding to traits where the similarities are likely to have evolved independently of phylogeny, and l close to 1 indicating a complete phylogenetic association of the traits. We used likelihood ratio tests to compare models including the maximum likelihood value of l with models where l was set to 0 or 1, respectively. Superscripts following the l estimates denote significance levels of these likelihood ratio tests (first superscript: against lZ0; second superscript: against lZ1). We report these results together with the effect size (i.e. (partial) correlation coefficient r or Cohen's d, respectively) and 95% CIs that we calculated from the t-values of the GLS models (Nakagawa & Cuthill 2007) , which were controlled for phylogeny and, in the case of relative testis mass, represent partial r of combined testis mass after controlling for body mass.
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